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ABSTRACT
Gravitational redshifts and other relativistic effects are beginning to be studied in the
context of galaxy clustering. Distortions consistent with those expected in General
Relativity have been measured in galaxy cluster redshift profiles by Wojtak et al.
and others and in the the cross-correlation function of galaxy populations by Alam
et al. On scales below ∼20 Mpc/h simulations have shown that gravitational redshift
dominates over other effects. However, this signal is related to the shape and depth
of gravitational potentials, and therefore the matter density in galaxies and galaxy
clusters that is responsible for them. We investigate the effects of baryonic physics
on the gravitational redshift profiles of massive (group and cluster-sized) halos. We
compare the profiles of different components in halos taken from the MassiveBlack-II
cosmological hydrodynamic simulation and a dark matter-only version of the same
simulation. We find that inclusion of baryons, cooling, star formation and feedback
significantly alters the relevant inner density profiles. These baryonic effects lead to
overall increases in both gravitational redshifts and the transverse relativistic Doppler
effects by up to ∼50% for group size halos. We show how modified Navarro Frenk
White halo profiles can be used to parametrize these differences, and provide relevant
halo profile fits.
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1 INTRODUCTION
The structure of Universe is thought to have formed from
the growing modes of tiny quantum fluctuations in an initial
homogeneous field. Such growing modes collapsed through
gravity and formed what we call today dark matter halos.
These dark matter halos provided the necessary environ-
ment for baryonic component of the matter to collapse fur-
ther and form stars at the smallest level and larger structures
like galaxies, collections of stars held together in gravitation-
ally nurturing environment of dark matter halos. The bary-
onic component’s evolution through several highly energetic
events of star and galaxy formation also shapes the dark
matter itself especially in the innermost regions. All such ef-
fects taken together in the structure formation paradigm are
? E-mail: hongyuz@andrew.cmu.edu
known as baryonic effects on dark matter halos. These be-
come extremely important for studies which are sensitive to
the innermost parts of the halos for example gravitational
lensing (Dodelson 2003; Zentner et al. 2013; Huang et al.
2018), SZ effects, galaxy velocity bias, and gravitational red-
shift.
Several attempts have been made to understand and
predict the nature of the inner structures of dark matter ha-
los. Navarro et al. (1996, 1997) showed that density profiles
of simulated dark matter halos have all the same shape, in-
dependent of the halo mass, the initial density fluctuation
spectrum, and the values of the cosmological parameters, by
studying the equilibrium density profiles of dark matter ha-
los from N -body models. The NFW density profile can be
c© 2018 The Authors
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expressed with the simple formula
ρ(r) =
ρcrit(z)δc
(r/rs) (1 + r/rs)
2 , δc =
200
3
c3
ln(1 + c)− c/(1 + c)
(1)
where ρcrit(z) = 3H
2(z)/8piG is the critical density at red-
shift z, rs is the scale radius and δc is a characteristic (di-
mensionless) density. c = R200/rs is the “concentration” of
the halo that provides a link between rs and δc. Navarro
et al. (1997) also found that massive halos are less concen-
trated than smaller halos. The very inner slope in Eqn. 1,
d ln ρ(r)/d ln r|r→0 = −1. This inner slope is difficult to
measure, and very sensitive to baryonic physics, something
which was not modelled in the initial dark matter halo stud-
ies. For instance, Moore et al. (1999) used a profile with
a steeper inner slope -1.5. A generalized NFW (hereafter
gNFW) density profile (e.g. Hernquist 1990; Zhao 1996) was
proposed, being:
ρ(r) =
ρcrit(z)δc
(r/rs)γ (1 + r/rs)
3−γ . (2)
In Eqn. 2, d ln ρ(r)/d ln r|r→0 = −γ is an additional free
parameter (e.g. Schmidt & Allen 2007). Navarro et al. (2004)
also explored a more general model, similar to that of de
Vaucouleurs (de Vaucouleurs 1948) in which the logarithmic
slope varies continuously with radius. This model happened
to be the same as one introduced by Jaan Einasto at a 1963
conference in Alma-Ata, Kazakhstan (Einasto 1965). It is
therefore referred to as “Einasto’s model”. Einasto’s model
is expressed as
ρ(r) = ρ−2 exp
{
− 2
α
[(
r
r−2
)α
− 1
]}
. (3)
As pointed out by Merritt et al. (2005), Einasto’s model
has the same slope-radius relation as Sersic’s model (Se´rsic
1963) and works well for both projected (surface) density
and (space) density profiles of galaxies. Eqn. 3 can be also
written as d ln ρ(r)/d ln r = −2(r/r−2)α where r−2 is the
radius that yields a ρ(r) slope in log-log space of −2, with
ρ−2 the density at that radius. It can be seen that Einasto’s
model is a generalization of a power law in log-log space
and that the parameter α controls curvature of the profile.
Einasto’s model has been used to describe many types of
system including galaxies and dark matter halos and it is
often considered a better fit than the NFW model to N -
body dark matter halo profiles (Merritt et al. 2006).
Baryonic effects such as radiative cooling and feedback
have been investigated in a variety of simulations such as the
OverWhelmingly Large Simulations project (OWLS), Feed-
back In Realistic Environments (FIRE), Millennium Simu-
lation (MS), Evolution and Assembly of Galaxies and their
Environment (EAGLE) (Neto et al. 2007; Rudd et al. 2008;
Duffy et al. 2010; Velliscig et al. 2014; Chan et al. 2015;
Schaller et al. 2015a,b). It has been claimed that simulated
dark matter profiles would be steeper in the inner regions
than the NFW profile if the cooling is efficient and feedback
is weak since the gravity of the central baryons pulls dark
matter towards the center; without this, dark matter profiles
would be shallower. The slope of the inner dark matter den-
sity profile therefore shows a strong mass dependence. To
understand the structure of the inner halo is crucial as it is
not only of major importance for efforts to detect dark mat-
ter experimentally but also central to possible issues which
have been identified with the ΛCDM paradigm from small
scales, such as the cusp/core problem (de Blok 2010).
Gravitational redshift is one of the major predicted ef-
fects that occur in weak gravitational fields according to
the principle of equivalence from General relativity (Ein-
stein 1916). A photon with wavelength λ emitted in a grav-
itational potential Φ and observed at infinity has a gravi-
tational redshift zg = ∆λ/λ ≈ ∆Φ/c2. The effect has been
been measured for the Earths gravity, in the Solar system
and in white dwarf stars (e.g. Pound & Rebka 1959; Takeda
& Ueno 2012; Falcon et al. 2010) as one of the fundamen-
tal tests of General relativity. By assuming an analytic de
Vaucouleurs profile, Cappi (1995) argued that gravitational
redshifts of central galaxies in clusters with respect to the
other cluster members would be tens of km/s in the most
massive galaxy clusters, which is feasible to detect. Kim &
Croft (2004) used N -body simulations to show that it should
be possible to detect the radial profile of gravitational red-
shifts in galaxy clusters. Wojtak et al. (2011) carried out the
first observational measurement of gravitational redshifts in
galaxy clusters and found consistency with General relativ-
ity.
Croft (2013) predicted a ∼ 4σ signal of gravitational
redshifts from large-scale structure should be obtainable
from the full Baryonic Oscillation Spectroscopic Survey
(BOSS) by examining the distortion due to gravitational
redshifts of the cross-correlation function of two galaxy pop-
ulations. The relativistic distortions cause a dipole in clus-
tering which is not present when they are not included (Mc-
Donald 2009) Besides the gravitational redshift effect, there
exist other relativistic effects comparable in magnitude such
as the transverse Doppler effect, light cone bias and special
relativistic beaming, as pointed out by Kaiser (2013) and
Giusarma et al. (2016), and modeled in simulations by Zhao
et al. (2013), Cai et al. (2017), Alam et al. (2017b) and Zhu
et al. (2017). These were included in comparisons to an ob-
servational measurement of relativistic distortions in galaxy
clustering Alam et al. (2017a). These effects are included to
linear order in the GR perturbation theory treatments of
(Yoo et al. 2009, 2012; Bonvin et al. 2014). Most relevant
to the current paper is the fact that Zhu et al. (2017), and
Breton et al. (2018) find that gravitational redshift domi-
nates the non-linear regime, and consequently the range of
scales where signal to noise of measurements is largest. Here
the resolution of N -body simulations and the clustering of
baryons on small scales are crucial for measuring and un-
derstanding relativistic effects.
In this paper we use the MassiveBlack-II (hereafter
MBII) high resolution hydrodynamical simulation (Khandai
et al. 2015) to predict the effects of baryonic physics on
the gravitational redshift of galaxies. We also compare to
a dark matter-only simulation (hereafter DMO) run with
the same volume, cosmological parameters, and initial con-
ditions (Tenneti et al. 2015). Comparing the outputs from
these two enables us to study the baryonic effects in dark
matter halos.
This paper examines the small scale behavior of gravita-
tional redshift profiles in and around galaxies as well as the
effects of baryons on small scales. Our plan for the paper
is as follows. We discuss the simulations we used, the ap-
proach to the sample and how we obtain the gravitational
potential from MBII and its corresponding dark matter-only
MNRAS 000, 1–10 (2018)
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simulations in Sec. 2. In Sec. 3.1 we show the density and
gravitational profiles of massive halos from different compo-
nents and simulations. The comparison between simulation
(spatial) and observational (projected) quantities is explored
in the last part of Sec. 3.1. In Sec. 4, we fit analytic mod-
els to the profiles, demonstrating the effects of baryons in a
more quantitative way. Sec. 5 presents another comparable
relativistic effect, the transverse Doppler effect and explores
how baryonic physics affects it. We conclude in Sec. 6 with
a summary and a discussion of our findings.
2 SIMULATIONS
The hydrodynamic simulation we use, MBII (Khandai
et al. 2015) was run using P-GADGET, a massively paral-
lel TreeSPH cosmological simulation code combining a col-
lisionless fluid with the N -body method and an ideal gas
by means of smoothed particle hydrodynamics (SPH) (see
Springel 2005 for a predecessor public version, GADGET-
2). The cosmological parameters in MBII and DMO simula-
tion are σ8 = 0.816, ns = 0.968, Ωλ = 0.725, Ωm = 0.275,
Ωb = 0.046 (MBII) and h = 0.071. Simulation parameters
are listed in Tbl. 1. MBII is large enough to contain massive
halos of mass above 1014 M/h as the cubical comoving vol-
ume is (100 Mpc/h)3 (Khandai et al. 2015). MBII includes
the models for star formation, black hole (BH) growth and
radiative cooling and heating processes. Such massive ha-
los are expected to show a ∼ 10 km/s difference in gravi-
tational redshift between their centers and edges. Further-
more, a corresponding dark matter-only simulation to MBII
was performed with the same volume, cosmological parame-
ters, and initial conditions (Tenneti et al. 2015). Comparing
the results from these two enables us to study the impact of
baryonic processes on the properties of dark matter halos.
2.1 Halos and subhalos
As described in (Khandai et al. 2015; Tenneti et al. 2015),
the halos are identified through the friends-of-friends (FOF)
algorithms (Davis et al. 1985) on dark matter particles with
a linking length of b = 0.2 times the mean of particle separa-
tions. Gas and stars are associated to their closest dark mat-
ter particles. SUBFIND code (Springel et al. 2001) is used to
find subhalos which are locally overdense, self-bound groups
of particles within halos. The process starts with isolated
local density peaks inside halos and expands until the over-
density reaches a certain threshold.
Table 1. Simulation parameters in MBII and DMO: Npart, mDM,
mgas and  = 1.85 kpc/h
Npart mDM [M/h] mgas [M/h]
MBII 2× 17923 1.1× 107 2.2× 106
DMO 17923 1.32× 107 NA
Figure 1. A test of the gravitational redshift calculation: The
gravitational redshift profiles of particles within 2 Mpc/h (blue),
of both inside particles and sampled Nsample particles outside
(red) and their difference (green) in the MBII simulation in the
halo of mass > 7 × 1014 M/h. The center is chosen at the
potential minimum in the halo. The bottom panel magnifies the
difference (green) between red and blue lines in the top panel.
2.2 Efficient Calculation of gravitational redshift
potential
Generally cosmological simulations produce a massive
amount of data which are difficult to store with limited disk
space. Traditionally the gravitational potential of particles
are not stored as it is not needed for standard analysis. We
therefore devise a method to obtain the potentials for each
particle in the simulation in post-processing. Given enough
resources, the simplest method to obtain the potential is to
use the same N-body code initially used to produce the sim-
ulations, loading all the particles and velocities and running
for a single time step with instruction to also save the cal-
culated potential. However, since only the potentials for the
particles within selected halos are needed, and local comput-
ing resources are not able to run the full 11.5 billion particle
MBII hydro simulation, we use an alternative technique. We
select all particles within 2 Mpc/h of the halo centres since
we are only interested in the gravitational redshift profile on
small scales, and also randomly sample Nsample = 2, 000, 000
particles outside this range. For the sparse sample particles,
we multiply the mass of sampling particles by a factor of
Noutside/Nsample where Noutside denotes the total number of
particles outside 2 Mpc/h. We calculate gravitational red-
shift profiles both with and without the sampled Nsample
particles outside and compute the difference between them
(See Fig. 1). The gravitational redshift profiles are quite
MNRAS 000, 1–10 (2018)
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smooth and the difference is a constant as expected, though
with <1% fluctuations that are barely visible. Therefore, in
our further discussions about gravitational redshifts, we only
use the particles inside the 2 Mpc/h radius since a constant
in zg (i.e. potential) can be considered the same as assigning
a different zero-point potential which makes no difference to
the physics.
3 DENSITY AND GRAVITATIONAL
PROFILES OF MASSIVE HALOS
The dark matter haloes and galaxies lives in three spatial
dimensions but in observations we are always limited to pro-
jected profile in the plane of sky. Therefore it is important
to distinguish the two and understand the impact of projec-
tion on the measurement. In the following sections we dis-
cuss both three dimensional spatial profiles and projected
profiles while contrasting the two with each other.
3.1 Spatial (deprojected) profiles
We concentrate on the most massive halo at z = 0.06 in the
MBII hydrodynamical simulation (MBII) and its equivalent
in MBII dark matter-only (DMO) simulation. The halo has
a mass 7 × 1014 M/h and most of that mass is in a large
subhalo of mass 6× 1014 M/h. There are slight differences
in mass and positions of the halo between the two simula-
tions. The profiles are calculated using the potential minima
of this halo as the center and the small offset between MBII
and DMO is accounted for. We first want to understand the
scale dependence of dark matter density and which parts of
halos are dominated by different components. We show the
angular averaged density profile from the center of halos in
Figure 2. It can be seen that the distributions of total mat-
ter in the DMO and MBII simulations are nearly identical
on large scales, showing that baryonic effects are negligible
beyond 0.1 r200. For MBII, dark matter is the major compo-
nent for radii larger than ∼ 0.005R200. Stellar matter is the
dominant component for the inner radii (below∼ 0.005R200)
and exhibits a steeper profile within this radius. The gas is
concentrated near the center and becomes negligible at radii
larger than ∼ 0.005R200. For DMO, the dark matter profile
is much flatter close to the center compared to the dark
matter profile in MBII, lacking the contraction caused by
the gravity of a core of stars and dense cooling gas.
Fig. 3 shows the contributions from gas, dark mat-
ter and stars to the gravitational redshift profile of the
same halo. The differences between the center and edges
are of the order of ∼ 10 km/s as expected. Gas and stel-
lar mass contribute ∼ 1 order of magnitude less than dark
matter because dark matter is similarly less abundant in
mass. Though stellar mass is more concentrated in the cen-
ter, it quickly becomes sparser at distances larger than
∼ 0.005R200. As a result, it still makes the smallest contri-
bution to the gravitational redshift around the center and
its contribution decays rapidly with increasing radius. We
can also see in Fig. 3 that the existence of baryons steep-
ens the gravitational redshift profile as the dark matter has
been pulled inward during cooling. We also investigate other
8 massive halos and find there is in all cases a 20% - 50%
Figure 2. The density profiles of gas (blue), dark matter (black),
stars (yellow) and total matter (red) in MBII and dark matter
(green) in DMO simulations in a halo of mass 7×1014 M/h. The
center is chosen to be at the potential minimum in the halo. The
r range plotted is from the gravitational softening  = 1.85 kpc/h
up to 2 Mpc/h.
Figure 3. The gravitational redshift profiles of gas (blue), dark
matter (black), stars (yellow) and total matter (red) in MBII
and dark matter (green) in the DMO simulations in the halo of
mass 7× 1014 M/h in log-log space. The center is chosen at the
potential minimum of the halo. The distance scale r spans the
gravitational softening  = 1.85 kpc/h to 2 Mpc/h.
increment in zg in the centers for halos simulated with hy-
drodynamics relative to the DMO case. This size of this
fractional increment depends on halo mass, and presence of
substructures.
Fig. 4 shows the density distribution in the most mas-
sive halo as well as contours of gravitational redshift. The
halo contains substantial substructure. The gravitational
redshift contours are much smoother than the mass distri-
bution.
MNRAS 000, 1–10 (2018)
Effects of baryons on the gravitational redshift profile of ΛCDM halos 5
Figure 4. 2D plots showing the density of all types of particles (gas, dark matter, stars) in the MBII simulation in a slice of thickness
±400 kpc/h diameter 4 Mpc/h centered on the gravitaional potential minimum. We show 3 different orthogonal planes. The colormaps
show the density and the contours represent the gravitational redshift. The subplots are the slices in the X−Y , X−Z and Y −Z planes
respectively from left to right.
3.2 Surface (projected) profiles
In order to relate our simulation results to quantities that
are directly measurable from observations, we turn to pro-
jected profiles. We investigate the spatial (deprojected) and
surface (projected) profiles of both the density and the grav-
itational redshift in Fig. 5. We also choose the center of our
profiles to be the potential minimum of the halo. To esti-
mate the density profiles, we accumulate the mass in each
bin and divide it by the bin area or volume as appropriate
(4pir2∆r/3) for spherical bins and (2piR∆R) for cylindrical
bins; this leads to a difference in the units, (see Eqn. 4):
ρk,spatial =
∑<rk+∆r/2
ri>rk−∆r/2 mi
4pi
[
(rk + ∆r/2)
3 − (rk −∆r/2)3
] , (4a)
ρk,projected =
∑<Rk+∆R/2
Ri>Rk−∆R/2 mi
2pi
[
(Rk + ∆R/2)
2 − (Rk −∆R/2)2
] , (4b)
where k indicate the radial bin number, mi is the mass of
the i-th particle. rk and Rk are the distances to the center
of the k-th bin and ∆r and ∆R are bin sizes.
To compute the gravitational redshift profiles we use the
mass weighted gravitational redshift in spherical or cylindri-
cal bins (see Eqn. 5):
zg,spatial =
∑<rk+∆r/2
ri>rk−∆r/2 zi∑
i I(rk −∆r/2 6 ri < rk + ∆r/2)
, (5a)
zg,projected =
<Rk+∆R/2∑
Ri>Rk−∆R/2
zi∑
i I(Rk −∆R/2 6 Ri < Rk + ∆r/2)
, (5b)
where I(·) is an indicator function.
We find that for density profiles the surface profile is
much flatter than the spatial one while the trend is com-
pletely different for gravitational redshift profiles (projected
being almost the same as spatial, and even slightly steeper).
The reason for this is that spatial and surface density profiles
are normalized by different bin sizes, thus the profile has dif-
ferent dependencies on r or R. In general, for quantities such
as gravitational redshift, the surface profile F (R) can be de-
rived from the spatial profile f(r) using Abel transform, see
Abel (1826)
F (R) = 2
∞∫
R
f(r)rdr√
r2 −R2 , (6)
where r and R are spatial and projected distance to the
center respectively. We can learn from the above equation
that the projected profile averages quantities along the line-
of-sight so that more edge information is brought in. Thus,
in the bottom panel of Fig. 5, the projected profile at R lies
in between the spatial profile at r = R and the outskirts.
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Figure 5. The density (top panel) and gravitational redshift
(bottom panel) profiles of total matter in MBII in the halo of mass
7×1014 M/h. The center is chosen at the potential minimum. In
each panel, the spatial (deprojected) profile is shown in blue while
the surface (projected) profile is shown in red. The distance scale
r spans the gravitational softening  = 1.85 kpc/h to 2 Mpc/h.
4 ANALYTIC MODELS OF DENSITY AND
GRAVITATIONAL REDSHIFT PROFILES
OF MASSIVE HALOS
As mentioned in Sec. 1, the dark matter density profile of
a dark matter halo can be described by either NFW (See
Eqn. 1), gNFW (See Eqn. 2) or Einasto (See Eqn. 3) mod-
els. The NFW profile is the simplest and the most com-
monly used dark matter profile. However, it is not able to
control the slope of the inner profile, which is most affected
by baryonic effects. Two other profiles, gNFW and Einasto
are introduced to better model the dark matter halo and
potentially can be used to describe the baryonic effects, by
parametrizing the inner slope as d ln ρ(r)/d ln r|r→0 = −γ
and d ln ρ(r)/d ln r = −2(r/r−2)α respectively. Gravita-
tional redshift profiles can be calculated using these analytic
density profiles.
For NFW density profiles, we need to assume an inner
cut-off radius Rt to prevent logarithmic divergence.
φ(r) = −4piG
[
1
r
∫ r
0
ρ(r)r2dr +
∫ Rt
r
ρ(r)rdr
]
=
4piGρcrit(z)δcr
3
s
rs +Rt
[
rs +Rt
r
ln
(
rs
r + rs
)
+ 1
]
=
4piGρcrit(z)δcr
3
s
r
ln
(
rs
r + rs
)
+ φ0 .
(7)
Since the second term of line 2 in Eqn. 7 is a constant,
we can take only the first term and add a constant φ0 to
obtain line 3. As expected, the r-dependent term in line 3 is
independent of Rt.
For gNFW density profiles,
φ(r) =
4piGρcrit(z)δc
rγ−2
[
rγs 2F1 (3− γ, 3− γ; 4− γ;−r/rs)
γ − 3
+
r2s (r + rs)
γ−2
2− γ
]
+ φ′0, (8)
where 2F1 (a, b; c; z) is the hypergeometric function. The
NFW density profile is therefore a special case of the gNFW
density profile when γ = 1.
For Einasto density profiles, there is no analytic solution
for the potential, and so we carry out the required integra-
tion numerically.
In order to apply these results to the gravitational po-
tential profiles of halos in our simulations, we start by fit-
ting the density profiles of the massive halos. Following Neto
et al. (2007), we minimize the mean squared deviation be-
tween the binned data profile ρ and the model density profile
ρmodel(Θ) with a set of fitting parameters Θ in log-log space,
defined as
σ2density =
1
Nb − 1
Nb∑
i=1
(log10 ρi − log10 ρmodel,i(Θ))2 , (9)
where Nb is the number of radial bins. Eqn. 9 is valid
only when each bin has the same weight. We have also
tried weighting each bin by the inverse variance due to
Poisson noise but there is significant difference in our re-
sults. The parameter sets are Θ = (δc, rs) for NFW den-
sity profiles, Θ = (δc, rs, γ) for gNFW density profiles and
Θ = (α, r−2, ρ−2) for Einasto density profiles. After we fit
the density profiles using the different models, we use the
output parameters to calculate the zg profiles. The evalu-
ation of the goodness of fit for the zg profiles is given by
σ2grav =
1
Nb − 1
Nb∑
i=1
(zg,i − zg,model,i(Θ))2 . (10)
Dark matter halos, particularly of large mass are dy-
namic structures. Even though we might expect to see more
relaxed halos at low redshift, Fig. 4 contains obvious sub-
structure. Looking at all halos, irrespective of mass, there
are cases among them where ongoing merging is obvious. It
is therefore useful to quantify which halos are close to equi-
librium states. Following Thomas et al. (2001) and Neto
et al. (2007), we measure the degree of substructure based
on the center of mass displacement, defining
s =
|rc − rcm|
Rvir
, (11)
where rc denotes the potential minimum and rcm denotes
the center of mass. s is referred to as the normalized offset.
A relaxed halo requires s < 0.07 to meet that definition. We
have computed s for each of the ten most massive halos in
the simulation and find one merger. We have eliminated it
from Tbl. 2.
Fig. 6 shows density and gravitational redshift profiles
of the most massive halo in the MBII catalogue as well as
the corresponding mean squared errors on the fit (σ2s). The
two blocks of figures (each block has six panels) show fits to
all types of particles in MBII, dark matter particles in MBII
and DMO respectively. Looking at the left block first, we can
see that the density fits from all three blocks (especially the
bottom left panels in each block) demonstrate a consistent
trend: the NFW profile is good in the outer regions but un-
derestimates the density in the innermost regions. Not sur-
prisingly, the NFW profile fits the DMO simulation the best,
but both gNFW and Einasto density profiles do a better job
as they have one more fit parameter. The right block also
provides us with information on the influence of baryons. It
is interesting to see that fitting parameters from the NFW
relation applied to all types of particles in MBII (left pan-
els on the right block) overestimate zg near the center and
MNRAS 000, 1–10 (2018)
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Figure 6. Halo density and gravitational redshift profiles for different types of particle and their analytic fits. The set of figures contains
two blocks, from left to right, and each block contains six subplots. The left and right blocks illustrate fits to the density profiles and
calculated gravitational redshift profiles measured from the particle data respectively. Inside each block, the top panels show fits to all
types of particles in MBII (top left), dark matter particles in MBII (top middle), DMO (top right) and bottom panels show the differences
between data and corresponding models. All plots are for the halo which in the MBII simulations has halo mass 7 × 1014 M/h. The
center is chosen at the potential minimum in the halo. In the top right panel, the blue filled circles show the density profile of the halo.
After taking into consideration the softening length, 1.85 kpc/h, data between 2 kpc/h and r200 (the red filled circles) are used in the fit.
underestimate zg away from the center while they behave in
quite the opposite fashion when applied to dark matter par-
ticles in MBII (middle panels on the right block). Among
the three models, gNFW yields the best performance. We
therefore propose that the most useful analytic gravitational
redshift profile is the one based on the gNFW density profile,
given by Eqn. 8.
So that the reader can reproduce the fit curves exactly,
the parameters are listed in Tbl. 2 of the Appendix. We plot
the concentration parameter δc for all 9 halos in our study in
Fig. 7. We can see that in each block, the most concentrated
distribution is that of all types of particles in MBII while
the least concentrated one is that of particles in DMO. This
again shows that the effect of baryons is important in the
inner regions, with the concentration increasing by almost
an order of magnitude in some systems.
Figure 7. A bar plot showing the concentration δc for the 9
most massive dynamically relaxed halos in the simulation. We
give results for all particles (red), dark matter (black) in MBII
and in dark matter-only simulations (green). Labels along x-axis
indicate the different halos.
5 VELOCITIES AND THE TRANSVERSE
DOPPLER EFFECT
In virialized objects such as dark matter halos, the gravita-
tional redshift is supplemented by an additional component
of comparable magnitude (Zhao et al. 2013). The observed
wavelength of photons at redshift z is affected by the follow-
ing relation,
c
1 + z
λobs
λemit
=
[
c+
φ− v2/2
c
]
, (12)
where φ is the potential and v is the peculiar velocity of the
location from which the photon is emitted. The additional
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velocity term is known as the Transverse Doppler (TD) ef-
fect, one of the main novel predictions of the Special Theory
of Relativity related to object motion.
We have computed the TD effect profile in a similar
fashion to the gravitational redshift profile, averaging the
mass-weighted TD redshift in spherical cells centered on the
center of each halo (chosen to be the minimum of the grav-
itational potential). Fig. 8 shows the TD profile of different
components for the most massive halo. In general, the TD
effect leads to a positive addition to the redshift, but with
the outskirts being more redshifted than the halo center.
This is opposite to the gravitational redshift, and therefore
acts to suppress the overall redshift signal. The TD ampli-
tude (difference between center and virial radius) is about
4 km/s, which is about 25% of the gravitational redshift. In
detail, the TD effect increases with radius below 100 kpc/h
and decreases with radius above 100 kpc/h.
This trend can be interpreted by assuming an isotropic
power-law density distribution ρ ∝ r−α. The enclosed mass
is then M(r) =
∫
dr4pir2ρ ∝ r3−α. The tangential compo-
nent of the velocity is therefore vt =
√
GM(r)/r ∝ r1−α/2,
which leads to a TD effect profile v2/2 = (3vt)
2 ∝ r2−α.
This relation shows the TD effect is sensitive to the slope
of the density profile. Referring to the blue curve in the
left panel of Fig. 5, α > 2 when r is large, while α be-
comes small when it comes closer to the core. This therefore
qualitatively explains the transverse Doppler velocity profile
shown in Fig. 8.
The different lines in Fig. 8 show the TD profiles mea-
sured from the different components in the MBII simulation,
as well as the profile from the DMO simulation. In MBII, all
components feel the same gravitational potential, and so one
might expect the velocity dispersions, and hence the magni-
tude of the TD effect to be the same for all components. In
fact, we see that the TD effect for the stars is approximately
50% smaller than for the dark matter in the central regions
of the halo, and ∼ 25% lower around the virial radius. The
red curve is the mass weighted average of all components
and there is a ∼ 10 − 15% difference in TD between this
and stars at the virial radius. This difference is related to
the “velocity bias” that has been seen between galaxies and
dark matter as tracers of the large-scale density field. Ar-
mitage et al. (2018) have found in galaxy clusters that mass
estimates made from the velocity dispersion of stellar mass
selected galaxies are only minimally affected by velocity bias
(i.e., similar to estimates made using the dark matter veloc-
ities to within 5%). On the other hand, Ye et al. (2017) have
shown how central galaxies in halos have a small (but still
non negligible) velocity dispersion with respect to the dark
matter.
In our case, because of the small numbers of subhalos in
each halo, we have not computed the TD profiles after sepa-
rating the mass in the different components into subhalos or
galaxies. The possibility of differences in the TD effect be-
tween stars and dark matter should be borne in mind when
comparing to observations, as should the effects of baryons
overall. We do find, however that the effects of baryons on
the TD effect are smaller that for the gravitational redshift.
We can see this by comparing the stars curve (yellow) to the
DMO profile (green). We see that on scales between ∼ 2-10
kpc the stars are boosted by about 0.5 km/s in zTD, which
corresponds to a ∼ 0.5 km/s decrement in the overall red-
Figure 8. The transverse Doppler redshift profiles of gas (blue),
dark matter (black), stars (yellow) and their average weighted
by mass (red) in MBII and dark matter (green) in the DMO
simulations. Results are for the halo of mass 7 × 1014 M/h.
The center is chosen at the potential minimum of the halo. The
distance r spans slightly above the gravitational softening  =
1.85 kpc/h to 2 Mpc/h.
shift profile zg (as zTD has the opposite sign from Eqn. 12).
On larger scales, up to the virial radius, the sign changes,
but the effect is of similar magnitude.
6 CONCLUSIONS
We have explored the effects of baryons on the density, grav-
itational redshift and velocity profiles of the 9 most mas-
sive ΛCDM halos in the MBII hydrodynamical and dark
matter-only (DMO) simulations. In the hydro run (MBII)
we have studied the differences between dark matter profiles
and all-particle profiles. We have also cross-compared dark
matter profiles and all-particle profiles in MBII with the pro-
files from DMO. On large scales (several tens of kpc/h) we
find good agreement among all three profiles (black, red and
green lines in Fig. 2, Fig. 3 and Fig. 8, indicating that a rea-
sonably good approximation to the profiles can be obtained
using N -body simulations, as has been done in Zhao et al.
(2013); Cai et al. (2017); Zhu et al. (2017).
On small scales we observe deviations from the N -body
only simulations due to the clustering of baryons (gas and
stellar particles). The baryons have excess concentration to-
ward the center bringing dark matter particles inward, mak-
ing the inner profile steeper than N -body simulations. This
leads to a significant difference, an extra ∼ 8 km/s in grav-
itational redshift compared to the total 16 km/s difference
between center and outskirt inN -body simulations of cluster
sized halos. We fit density profiles with NFW, gNFW and
Einasto relations to find quantitatively the differences for
simulations with and without baryons. We find that baryons
make density profiles 30%-50% more concentrated (c200).
We have examined the differences between projected
redshift profiles (which can be measured more easily from
observations) and spatial profiles. We find that projected
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profiles, by including information from the edges of systems
tend to resemble spatial profiles at larger radius. We have
also studied the transverse Doppler effect which is expected
to be a comparable effect in magnitude to the gravitational
redshift. We find that baryonic effects are relatively small,
at the ∼ 0.5 km/s level.
Overall, when considering the gravitational redshift pro-
files of galaxy clusters, such as those presented in Wojtak
et al. (2011); Zhao et al. (2013); Bonvin et al. (2014); Zhu
et al. (2017); Alam et al. (2017a); Giusarma et al. (2016); Cai
et al. (2017), one should consider the possiblity of baryonic
and galaxy formation effects. These physical processes are
those also relevant to mass determinations of galaxy clus-
ters (Neto et al. 2007; Rudd et al. 2008; Duffy et al. 2010;
Gnedin et al. 2011; Fedeli 2012; Velliscig et al. 2014; Chan
et al. 2015; Schaller et al. 2015a,b)
We have learnt in the present work that baryonic ef-
fects are most important on small scales, in the centers of
clusters. However, there are possible extensions to this work.
For example, there are several other relativistic effects of the
same order of magnitude which can affect the overall redshift
profiles of clusters. These include the light cone effect and
relativistic beaming effect mentioned by Kaiser (2013), Zhu
et al. (2017), Alam et al. (2017b) and Breton et al. (2018).
These effects are all potentially affected by the presence of
baryons. In order to properly match the observations, one
must consider a full model in which all these effects are taken
into account. In addition, the mismatch between the hydro-
dynamic MBII simulation and the N -body only DMO run
happens on galaxy scales, and on the scales of galaxy poten-
tials. As measurements of gravitational redshifts are made
using the differences between galaxy redshifts, simulations
that explore the structure in galaxy potentials at higher res-
olution are also needed.
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Table 2. Outputs of the fitting parameters: Columns: Mgroup is the group mass. δc and rs are the outputs from 2-param NFW density
profile. c200 and r200 are calculated from δc and rs. α, r−2 and ρ−2/ρcrit are the outputs from Einasto density profile. Rows: there are
9 blocks representing the top 10 massive halos excluding one merger. The first line of each block shows the (derived) fitting parameters
with all types of particles, the second line shows the (derived) fitting parameters from dark matter particles and the third line shows the
(derived) fitting parameters from DMO.
Mgroup [1010M/h] r200 [kpc/h] rs [kpc/h] c200 δc α r−2 [kpc/h] ρ−2/ρcrit
7.19× 104 1431.6 119.5 11.98 6.99× 104 0.0816 262.2 4.87× 10−5
7.19× 104 1431.6 180.1 7.95 2.57× 104 0.1488 264.7 4.52× 10−5
7.47× 104 1449.2 448.3 3.23 3.32× 103 0.1764 549.9 1.11× 10−5
4.89× 104 1258.4 125.2 10.05 4.53× 104 0.0388 1093.5 1.17× 10−6
4.89× 104 1258.4 183.3 6.86 1.81× 104 0.1070 384.8 8.47× 10−6
5.0× 104 1267.9 204.9 6.19 1.42× 104 0.1378 340.0 1.38× 10−5
3.66× 104 1143.1 112.3 10.18 4.68× 104 0.1151 185.0 6.58× 10−5
3.66× 104 1143.1 174.2 6.56 1.63× 104 0.1832 218.9 4.41× 10−5
3.73× 104 1150.3 247.9 4.64 7.34× 103 0.2154 261.1 3.66× 10−5
3.09× 104 1079.5 124.3 8.69 3.18× 104 0.1165 207.82 3.59× 10−5
3.09× 104 1079.5 184.8 5.84 1.24× 104 0.1802 232.2 2.67× 10−5
3.11× 104 1081.8 255.8 4.23 5.96× 103 0.1955 287.3 1.96× 10−5
2.69× 104 1031.8 110.0 9.38 3.83× 104 0.0868 232.4 2.78× 10−5
2.69× 104 1031.8 174.8 5.90 1.27× 104 0.1614 243.4 2.43× 10−5
2.99× 104 1061.0 211.5 5.05 8.89× 103 0.1682 287.5 1.99× 10−5
2.58× 104 1017.2 76.1 13.38 9.19× 104 0.0631 212.6 2.66× 10−5
2.58× 104 1017.2 119.3 8.53 3.03× 104 0.1321 228.1 2.20× 10−5
2.79× 104 1043.3 146.3 7.13 1.98× 104 0.1411 276.7 1.73× 10−5
2.48× 104 1003.5 125.8 7.97 2.59× 104 0.1200 193.1 4.11× 10−5
2.48× 104 1003.5 203.6 4.93 8.41× 103 0.2041 221.8 3.03× 10−5
2.55× 104 1013.5 206.6 4.91 8.32× 103 0.1945 237.0 3.00× 10−5
1.91× 104 919.7 77.3 11.91 6.88× 104 0.0422 165.1 3.99× 10−5
1.91× 104 919.7 128.4 7.16 2.00× 104 0.1237 191.0 2.98× 10−5
1.93× 104 922.7 207.1 4.46 6.70× 103 0.2017 224.1 2.96× 10−5
1.83× 104 906.8 80.9 11.21 5.93× 104 0.0875 151.1 4.82× 10−5
1.83× 104 906.8 121.6 7.46 2.20× 104 0.1535 186.9 2.96× 10−5
1.82× 104 906.1 156.8 5.78 1.21× 104 0.1781 224.6 2.41× 10−5
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